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SUMMARY 

Sounding rocket Experiment 74- 18 was designed to demonstrate the 

effects of the Black Brandt rocket acceleration levels (during the low-g coast  

phase of i t s  flight) on the motion of a liquid metal  system. The experiment 

Principal Inlrestigator was Mr. Charles S. Schafer of NASA-MSFC. This 

Lockheed-Huntsville study was performed primarily to  a s s i s t  the Principal 

Investigato r in preflight design. Some post-flight analyses were  a1 so conducted. 

Preflight studies consisted of heat t ransfer  analysis and convection 

sensitivity and convection modeling analyses. These studies aided in the: (1) 

final selection of fluid mater ia ls  (indium-lead mel ts  ra ther  than paraffins); 

(2) design and timing of heater and quench system; and (3) preflight predictions 

of the degree of lead penetration into the pure indium segment of the fluid. 

Postflight studies involved: (1) upciating the convection sensitivity calculations 

by utilizing actual flight gravity levels; and (2) modeling the mixing in the 

flight samples. 

Preflight convection sensitivity calculations were  made for  the cylinder 

perpendicular and parallel with the acceleration of gravity. The values for 

the Marangoni, Grashof, Praildtl, Rayleigh, Nusselt, solutal Rayleigh and 

Schmidt numbers, momentum diffusion t ime, and thermal conduction t ime 

a r e  calculated for  the melted indium. These sensitivity calculations indi- 

cate that: 

Expected convective heat losses ,  f rom the mixing cylinders to the 
ambient a i r ,  during rocket t e s t s  can b e  simulated by ground tes t s  
utilizing ambient air a t  0.1 atm. 

Thermogravitational (including g-jitter) and thermocapillary con- 
vection will not induce mixing during the rocket tests .  

Solutogravitational and possibly solutocapillary convection will 
induce mixing during rocket tests .  

i i i  
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In addition to sensitivity analyses, the heat t ransfer  in the mixing experi- 

mental apparatus was mathematically modeled via a lumped parameter  model 

(Lockheed-Huntsville Thermal Analyzer Computer Program).  Graphs of 

the heat-up and quench were drawn which show the temperature  history of 

the indiurn/indium-lead mixture. Based on these results ,  recommendatiorls 

were  made to move the quench time f rom 319 to 295 seconds (laboratory t ime 

p o i ~ t ) .  The temperature gradients calculated were  a l so  used in the convection 

sensitivity studies. 

The postflight sensitivity analyses confirmed rocket resul ts  because 

they indicated that Flight Sample No. 6 was most susceptible to  convection; 

while the other two samples(Nos. 1 and 2) were  subject to only marginal o r  

no convective mixing. The analyses indicated that  only solutal (concentration 

gradient) induced buoyancy and surface tension forces  can induce st irr ing in 

the flight samples. The postflight modeling results ,  however, did not show 

significant mixing i n  any of the flight cases .  These models only considered 

buoyancy forces.  Thus, it is concluded that the la rge  amount of mixing seen 

in Flight Sample No. 6 i s  the result  of solutal surface tension forces  o r  the result  

of unexpected solutal buoyancy forces. The la t ter  i s  most probable and can be 

explained i f  the flight acceleration levels were  higher than those used in this 

study and/or i f  a more rigorous (three-dimensional) computer model is 

utilized. It i s  recommended that fur ther  analysis of acceleration levels and 

that several  additional cases  of the present computer model be  conducted to 

clarify the rocket flight results .  

iv 
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PREFLIGHT ANALYSES 
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This section presents the results  of preflight thermal analysis and 

convection prediction portions of E, theoretical investigation into the Indium 

and Indium-Lead Mixing Experiment for the Space Prucessing Hocket Program 

of NASA-MSFC (designated a s  Experiment 74- 18). The phenomena being 

investigated a r e  those which could induce flow by causes  other than residual 

acceleration through the non-spin platform of the rocket system. In this 

f i r s t  phase investigations were  specifically directed to supporting the design, 

fabrication and flight sequence timing of the Mixing Experiment 74- 18. Other 

theoretical phases of this program include convection calculations f rom various 

causes such a s  thermal gradients, surface tension, bubble convection, phase 

change and g-jitter. The resul ts  presented in this section include temperature 

histories of the metals during heat-up and quench and convection sensitivity 

calculatiofis. 

1.1 DESCRIPTION O F  THE APPARATUS 

The experimental system i s  a set  of mutually perpendicular cylindrical 

samples which were  melted, allowed to remain molten for  about four minutes, 

then resolidified, all while in the low-g portion of the rocket flight. The 

samples were  composed of two cylindrical sections joined together; one 

section was pure indium, the other was 8070 indium and 2070 lead (by weight). 

This gives a density difference of about 770 between the two liquids. 

* 
The mixing apparatus i s  basically an aluminum cylinder 0.614 c m  i.d. 

and 3.68 c m  lony. which is closed and sealed a t  both ends by aluminum caps. 

One-half of the f r ee  length of 2.5 c m  i s  filled with indium metal except for  an 

* 
Engineering drawings of the mixing apparatus a r e  shown in  Figs. A- 1 ,-2 and - 3. 
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a i r  space a t  the end for expansion. The other half is filled with an alloy of 

indium 2070 iead except for  the expansion a i r  space. The inner end surfaces  

of the metal and the alloy touch a t  the midpoint along the length of the cylinder 

and a r e  held in position by "smoked1' aluminum rings a t  each end of the 

cylinder, 

The indium and indium-lead a r e  heated past  the melting point by a ni- 

chrome heater wire wound around the cylinder. This heater wire  has  a stain- 

l e s s  steel sheath and i s  electrically insulated f rom the sheath by magnesium 

oxide powder. There a r e  2 9 i  turns  wound around the cylinder and the heater  

wire then goes directly to a terminal on the mounting bulkhead. 

The cylinder is held in position and supported by a thin stainless steel  

bracket which i s  welded to the heater wire  sheath and attached to the mounting 

buikhead. Also mounted to this bulkhead a r e  two other (identical) cylinders 

whose axes a r e  perpendicular and a r e  a l so  mutually perpendicular to  the 

f i r s t  cylinder's axis. These two cylinders a r e  supported by a single mount- 

ing bracket, while the other cylinder is modnted by a single bracket. These 

three  cylinders, heaters ,  mounting brackets  and bulkhead a r e  contained inside 

a cylindrical chamber with a void volume of approximately 57 1.8 cc. 

In order  to resolidify the metal and alloy very quickly a supply of water 

is carr ied in an elastic bladder attached a t  one end of the cylindrical chamber. 

The contained water i s  released a t  295 sec  (laboratory t ime) af ter  the heater 

i s  turned on, and is rapidly expelled into the chamber by water p ressure  

which is created by the elasticity of the bladder. There is an excess of water 

in the bladder which ensures that a la rge  percentage of the chamber will be  

filled. An a i r  relief tube vents the a i r  behind the bladder a s  the chamber i s  

being filled. The water which is filling the chamber, is in motion and exposes 

the heaters  to  f resh  cold water almost continuously. This will quench the 

molten metal and alloy before the rocket payload experience high-g forces  

upon reentry. 
I 

. ,  , 
There a r e  two time f rames  in  which this experiment can be investigated; 

. 1 / : : I . ! 

one i s  the rocket time frame;  the other i s  the laboratory t ime frame. These 
I 

- ! , *  a r e  compared in the following table. 
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All t imes given i n  this report will be in the laboratory t ime frame unless 
otherwise specified. 

1.2 THEORETICAL THERMAL ANALYSIS 

A 

In order to investigate the heat transmission from the heater to the 

indium metal and the indium-lead alloy a mathematical model of the mixing 

apparatus had to  be made. The partial differential equations to  be solved 

which would describe the transmission of heat by conduction through the 

apparatus, a r e  sufficiently complicated that a discrete model and computer 

solution i s  needed. The best type of discrete model i s  the lumped parameter 

model. F rom the engineering drawings a lumped parameter model was devel- 

oped which considered the geometry, materials and heater of the mixing appa- 

ratus. The math model was made with the least  amount of deviation from tho 

actual apparatus. The correct  dimensions, density, thermal conductivity, and 

specific heat for each material  were used. In the case of the indium and indium- 

lead and the surrounding a i r ,  each were dimensionally subdivided in order  to 

obtain better thermal gradients and conduction patterns. The lumped parameter 

modeling method assumes that the model is divided into cells so that the prop- 

e r t ies  of a particular cell  may be stated a s  existing at the center of the cell  

o r  a t  its surfaces. This method leads itself to the solution of complicated 

problems that involve partial differential equations which describe the behavior 

of physical parameters. Thermal conduction is one such problem and the 

temperature i s  a parameter of interest. 

Laboratory Time 
Frame (sec)  

0 

180 

295  

360 

--- . - .- .- 1 

Event  Af te r  Rocket 
Firing 

Heat Turned On 

Heater Turned Off 

Water Quench Initiated 

High-g Ex.perienced 

The model has the indium solid cylinder divided into six pieces; two 

radial sections by three longitudinal sections. The indium-lead alloy i s  a lso 

subdivided in a like manner. An a i r  space has been left a t  the outer ends of 

the solid cylinders for expansion. The aluminum end caps have each been 

Rocket Time 
Frame (sec)  

4 5 

2 2 5  

340 

40 5 

3 
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subdivided into two longitudinal pieces . The aluminum cylinder was not 

subdivided and is considered to have exactly the same dimensions a s  shown 

in the engineering drawings. 

The heater wire which i s  wound around the cylinder 293 turns has been 

modeled a s  a set  of concentric thin cylinders. The heater wire i s  nichrome 

with a stainless steel sheath and a magnesium oxide electrical insulation 

powder packed in between the nichrome wire and the sheath. Since the stain- 

l e s s  steel sheath i s  very thin, the heat is conducted through it fast, so it can be 

represented a s  a cell of zero thickness. In order  to account for the distance the 

thickness of the sheath is added to the thickness of the magnesium oxide. This 

simplification of the heater model was checked by leaving the sheath in the cal- 

culations and comparing the resulting t e m ~ e r a t u r e s  , which were almost the 

same in both cases.  So, the heater was modeled a s  three concentric cylinders; 

the inner one of MgO; the center one of nichrome; the outer one of MgO. 

The a i r  was subdivided into a number of concentric cylindrical rings 

around the heater and a t  the ends of the cylinder and heater. The a i r  ex- 

tended 2.5 c m  in an axial direction from the end of the cylinder and heater, 

and it extends a total of 3 c m  radially from the centerline of the cylinders. A 

Itcold wallt1 (22 '~ )  heat sink was placed a t  the outer edge of the a i r  and com- 

pletely surrounding a l l  the a i r .  

During the testing portion of the lumped parameter model, a number of 

different computer t r ia ls  were made using various model configurations. 3.n 

one such t r ia l  the holding bracket was included; in another the radiation was 

con side red. In still a different t r ia l  an effective thermal conductivity for 

a i r  was used to consider convection a t  lg. Since one of the ground tests  

was run in a vacuum chamber at 0.10 atmosphere of pressure,  a computer 

t r ia l  was used to approximate the convective-conductive a i r  a t  this pressure. 

In this case  an eifective thermal co3ductivity was calculated and used which 

considered convection a t  0.10 atmosphere and the thermal conduction in air .  

To  effect the water quench the computer program was stopped at the 

295 second step, and values for water were substituted for the a i r .  With the 
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a i r  replaced by water which was a heat sink (because the temperature woul.1 

only r i se  3.8'~) the model was run on the computer until the 360 secon.1 .-,cop. 

In the lumped parameter model the temperature of a particular cell. i s  

taken a t  the center of that cell. Also considered a t  the center of the cell i s  

the thermal capacity of the cell 's  volume. To propagate the heat by conduction 

each cell  is connected by a heat flow resistance. This resistance is inversely 

proportional to the thermal conductivity of the cell and inversely proportional 

to the bounding area of the cell through which the heat must  be conducted. This 
resistance i s  directly proportional to the path length which i s  the distance 

between centers of the two connecting cells. Radiation i s  directly proportional 

to the fourth power of the temperature differences. Thus, the parameters of 

the lumped model a r e  defined a t  the center of the cell, at the surface of the cell, 

and by cell  interconnecting parameters. 

Physical problems solved through a lumped parameter model yield real- 

ist ic solutions that .match closely to exper.her,tal results. The lumped param- 

e te r  model i s  illustrated a s  Fig. 1. The thermal properties of the materials 

in the mixing apparatus a r e  given in Tables 1 and 2 (utilizing Refs. 2 ,  3, 4 ,  5). 

1.3 THERMAL ANALYZER COMPUTER PROGRAM 

P r i o r  to this project Loc kheed-Huntsville developed a computer program 

which was used to solve heat transfer systems. The Thermal Analyzer com- 

puter program utilizes a finite difference technique to solve the general heat 

balance equation for systems in zero o r  low gravity. The lumped parameter 

model thereby lends itsel! to easy s ~ l u t i o n  by t h e  Thermal Analyzer prograrrr. 

The general heat balance equation that this computer program solves for 

special cases  is (Ref. 1): 

5 
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Tab le  1 

THERMODYNAMIC PROPERTIES* OF THE M A T E R I A I , ~  
IN THE MIXINr APPARATUS 

Q u a r t z  

Cu 

Nich rome  

MgO 

Sta in less  S tee l  347 

Sta in less  S t ee l  304 

A i r  

Wate r  

Eicosane  ( 3 6 . 8 ' ~ )  

Octacosane  (6 1 . ~ O C )  

E icosane  (liquid) 

Oc t ac  o sane  (liquid) 

.- 

M a t e r i a l  

In ( 1 5 6 . 4 ' ~  M.P.) 

In -Pb  (20%) ( 1 6 0 ~ ~  M.P.) 

In (l iquid) 

I n - P b  (20%) (liquid) 

A 1  6061-T6 

1 I I 

4 

P 
CGS units ;  p = densi ty;  k = t h e r m a l  conductivity; C = heat  capaci ty.  

7 
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c 
P 

_I 

0.058 

0.053 

0.0654 

0.0596 

0.211 1 

P r k 

7.25 

8.07 

7.02 

7.52 

0.06 

0.064 

0.10 

0.088 

2.80 0.35 
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i . 
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Table 2 

PHYSICAL PROPERTIES OF LIQUID INDIUM 
AND INDIUM-LEAD 

I I 
I Kinematic Viscosity (stokes) 1 V 

2 ; (cm /set) I I 
I 
f Surface Tension (dyne/cm) 

I 
o 

+ 
Value* 
fo r  In-Pb 

r 1 Value* 
Property \units) Symbol I f o r I n  

I Change of o with Temperature  
I 
i (dyne/crn/Oc) 
I 

1 

Dynamic Viscosity (poise) ! Ir 
1 i ( ~ / c m / s e c )  I 

1 Volumetric Expansi on Coefficient 
I 3 3 0  i I (cm j c m  / C)  

0.012 

j ., 
2 I Thermal  Diffusivity (cm /sec)  

I I Impurity Concentration (mole/mole) 

Change of Density with Concentration 

1 L(H) 12.35 1 I Length of In and In-Pb (cm) 
I 
I 
I 

6.6 

0.307 

2 
Mass Diffusivity (cm /sec)  I 

I 1 ;;;x 

8 
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I Heat of Fusion (cal/gm) 
I 
I I Radius of In ( o r  In-Pb) ( cm)  
I 

Mass (gm) 

.(Hi 0.301 

* 
All values a r e  given i n  CGS units. 

Pv 1 2.52 
g 1 

2.80 

9.8 x lo-' 

1 



Ti z the tcrnperature for thc ith cell 

0 = tile time variable 

A 0  = t ime increment 
R . .  = resistance to thermal conduction between the ith cell and 

lJ the jth cell. - 
Oi = average heat rate over the time increment A 0  (cal/sec) 

(heat added from the heater or  taken u p  by a heat sink) 

Ci = heat capacitance of the ith cell 

where 

and 

L = effective condv-tion path length between cells (cm) 
k = thermal conductivity of the cellf s material 
A = effective cross-sectional a r e a  for heat transfer between two cells 

p = density of the cell 's material 
C = specific heat c\f thc cel l ' s  =atcriz! 
P 3 

V = volume of the cell (cm ) 

Radiative heat transfer computed f rom equation: 

*=ad = O A , ~ .  ij [ T ~  i - T;] (*) sec 

where 
2 0 4  

o = Stefan-Boltzmannconstant (cal/sec-cm -( K )  ) 
2 

A = effective radiating area  (cm ) 

$ = effective view and emis sivity factors 
,o.,, 

Ti = absuiuls ierrlyeraiure of the ith ceii ( r \ l  

9 
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The radiative rcsis  tance is calcula tcd by 

R = 1 
r 2 2 

Ar  qj(~i t T . ) ( T i  J t T . )  J 

which i s  used in the resistive parts of the general heat t ransfer  equation. 

The Thermal Analyzer program computes new temperatures for each 

cell  in t , h e  step increments. An iterative method is used to achieve accurate 

results in solving the heat transfer equation for each cell. Thus, very accu- 

rate temperatures can be calculated for each cell of the lumped parameter 

model a t  certain t ime increments. The time increments a r e  computed by 

the program and a r e  determined by the stability of the solution. In this par - 
ticular case of the nixing apparatus, the t ime step was 0.0015 sec, o r  667 

steps to equal 1 second of the laboratory time. 

1.4 THERMAL RESULTS 

Entering the lumped parameter model into the Thermal Analyzer pro- 

gram yiel is  a time-temperature t race  of the mixing apparatus. The program 

calculates and prints out the temperature of each and every cell, from 0 sec 

to 360 sec in increments of 5 sec. 

The heat rate put out by the heater was hand-calculated by the equation 

where the applied voltage on the heater was 28 volts and the heater resistance 

for one heater i s  46.5 ohms. This yields 4.03 calories per second heat input 

from the heater wire. This quantity of heat was input in the nichrome wire 

of the lumped parameter model. 

10 
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The phase change a t  the melt t ime was hand calculated so that fewer 

computer runs could be made. The calories required to melt  the indium 

metal and the indium-lead alloy is: 

q ~ n  = (p V H f l n  q h -  Pb = (pVHfIh- p,, (cal) 

where 

p = density 

V = volume 

Hf = latent heat of fusion 

The subscript In and In-Pb designate quantities used in the paranthesis a r e  

for indium and indium-lead respectively. Assume that one-half of the heat 

input goes to the a i r  and heat sink (which is close to  that value computed by 

the computer program), and that a l l  influx of heat a t  the time of melt  goes to 

melting the metal. The time for melting is calculated from 

L. 

where 

Q = heat rate input f rom the heater wire. 

These calculations yield a melt  t ime for the indium of 8.49 sec and a melt  

time for the indium-lead of 9.17 seconds. Since there is approximately 3 .6O~ 

between the melt  points and thus only 2 seconds of duration occur after the 

indium melts,  the two melt  t imes can be additive. The time element between 

melts i s  also shortened by heat input to both so  that the indium-lead alloy will 

probably begin melting before the pure indium has completely melted. These 

effects would tend to cancel thus yielding a total melt  t ime of approximately 

17 seconds. Only the melt  t ime for the indium is plotted in the following 

graphs . 

11 
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These graphs, s l ~ o w t ~  ill F ig .  2 ,  arc the temperature versus time plots for 

. - :~d iun~  only. The graphs a r c  for the cell which is  located a t  the outer edge 

) e a r  the a i r  gap and at  the center of the cylindrical cell. The hand calculated 

melt time for indium i s  added to the computer calculated temperature history 

to yield a complete curve. The curve for the indium lead i s  almost identical 

except for the melt temperature. 

i .5 TEMPERATURE VS TIME GRAPHS 

Three different cases  were investigated: (1) low loss case; (2) typical 

case; and (3)  highest heat leak possible case. These different cases  were con- 

sidered because cases (1)  and ( 3 )  should bracket the actual flight experiment,and 

the typical case lies between them. The  low loss case considers the smallest 

heat leak that the experiment will probably have. For  this minimal heat loss 

case only the bulkhead and the container a r e  considered but they a r e  considered 

nut to gain heat. Thus, a u c o l d  wallll heat sink a t  2 2 O ~  i s  considered to  sur-  

round the heater and cylinder a t  the outer edge of the a i r .  In this case the only 

heat lost i s  that which i s  conducted through the non-convective a i r  to the wall. 

The typical case considers the "cold u?alltl along with a holding bracket 

and radiation to the wall of the container. The bracket in the typical case  was 

~~aodeled a s  a combinatim of the two brackets used to hold the three different 

n~ixing cylinders and heaters. One of the actual brackets is longer than the 

orher and it holds two of the cylinders while the shorter one holds only one 

cylinder. 1 . diation losses a r e  also considered from the exterior of the heater 

and cylii ' e r  to the bulkhead and the container walls which a r e  2 2 O ~ .  The heat 
* loss values are: 

a tlCold Wallt1 -- 2% 

Through the Bracket - 3% 

By Radiation to the "Cold Wallt1 -- 4%. 

The highest heat leak case considered the Itcold wall," bracket and radia- 

tion again, but the bracket in this case was shortened and mounted on a heat 

* 
Fraction of convective heat loss to surrounding a i r .  

12 
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A = Time the heater i s  turned 'ton" D = Time that high- 

B = Time the heater i s  turned "off" E = Temperature of 

C = Time the quench i s  started F = Temperature of 

0 2 0 40  60 80 100 120 140 160 180 
Lab Time (sec) 

0RIGINA-K PAGE IS 
OF POOR QU- 
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Time that high-g levels  are  experienced 

Temperature of Indium melt point 

Temperature of Indium-2070 Lead melt  point 

Time (sec) f ( ~ )  

Fig. 2 - Time-Te.mperature Curve for 
Indium at ~ o w / ~ e r o - ~  
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i 

sink bulkhead. This bracket was modeled after the shortest of the two brackets 

which only holds one heater and cylinder. The bulkhead to which it i s  attached, 

was considered as  a heat sink a t  22Oc. The heat loss rate through this bracket 

was approximately at  a 10% rate, which i s  2.5 t imes more  than that 1;st from 

the typical case bracket. A gain radiation and the f cold walltf contributed 4 and 

2%, respectively, to  the heat loss rate. 

The water quench was modeled by substituting water for the a i r .  This 

was accomplished by substituting water specific heat, conductivity and density 

for those same properties for  a i r .  The temperature of the water was set  and 

held a t  2 2 ' ~  which made the water a heat sink. The initial temperature of 

each cell, except the cells occupied by water, was taken from ?he heat-up, 

computer run a t  295 sec of lab time. There was a quench computation made 

for each of the three cases. The duration of the phase change during the 

quench was calculated from the slope, which yielded 3.8 sec. 

One further case that was computed was that of convective a i r  a t  0.10 

atmospheres of pressure.  This case was computed in order  to match the 

conditions of a ground test  which was made in a vacuunl of 0.10 atmospher - s. 

The Nusselt number for 1 g and a i r  density of 0.1 p was calculated and yielded 

3.88 which i s  31.670 of that of a i r  a t  one atmosphere and 1 g. Since the Nusselt 

number i s  the ratio of the convective heat transfer to the conductive heat trana- 

f e r ,  the thermal conductivity of the a i r  was modified by a multiplicative factor 

of (1 i- 3.88). The a i r  then has i t ' s  usual thermal conductivity plus the convec - 
tion due to 1 g and a pressure 0.10 atmosphere. The temperature-time graph 

(Fig. 3) of this case matched very well the data obtained in the vacuum ground 

test. The test  data a r e  not yet available in graph form, thus the data a r e  not 

shown in Fig. 3. This vacuum ground test was conducted to simulate convective 

heat losses (from the cylinders to the ambient a i r )  during rocket testing. 

1.6 THERMAL GRADIENTS 

The graphs shown in Figs. 2 and 3 a r e  for one typical cell of indium; how- 

ever,  each cell of the indium and the indium-lead i s  very near  this temperature 
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A = Time the heat i s  turned "on" E = Temp( 
B = Time the heater i s  turned F = Tempd 
C = Time the quench i s  started 
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E = Temperature of Indium melt  point 

F = Temperature of Indium-20% Lead melt  point 
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Fig .  3 - Time-Dependent ( 
Indium at 1 g and 
Air Pressure  of 0 

Zurve for 
Surround 
.10 atm 
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curve. The temperature gradients a r c  small even over the total length of the 

cylit~dcr. Sinr.c the heater i s  wound around the cylinder, the temperatures a r e  

assumed to b e  symmetric about the cylindrical axia. For  this reason the maxi- 

mum thermal gradient would be f rom the outside to the cylindrical axis, so 

that the radius i s  the characteristic length. The maximum thermal gradient 

along the cylindrical axis ie f rom one end to the other end. The following 

tables gives the temperature gradients. 

1.7 CONVECTION SENSITIVITY CALCULATIONS 

Max. Thermal 
Gradient for :  

Radial 

Longitudinal 

Across 
In- -In-Pb (ave) 
Interface 

Across 
In - -In - Pb (,max) 
(next to axis) 

This section i s  subdivided into three parts: (1) equations f o r  the variousr 

dimensionless numbers; (2 )  a i r  convection on the outside of the apparatus; and 

(3) indium and indium-lead convection inside the cylinder. 

1.7.1 Dimensionless Numbers 

Temperature 

(OC)  

308.353 

308.262 (In) 

308.506 (In) 

The following dimensionless numbers a r e  calculated throughout this 
section: 

Grashof number, G r  

Temperature 

( O c  

308.655 

308,289 (In-Pb) 

308.530 (In-Pb) 

Prandtl number, Pr 

308.440 (In) / 308.475 (In-Pb) 

= ~BouyancyForce;~ 
(Viscous I'orces 

AT 

( O C )  

0.302 

0.027 

0.024 

- - Momentum Transport  
Heat T ransport 

0.035 

16 
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0.307 

2.35 

0,782 
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AX 

0.98 

0.01 1 

0.031 
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Forces )  x (Moment Transport)  
Rayleigh number, Ha Viscous Fo rces )  x (Heat Conduction) 

Nusselt number, Nu - - Convective Heat Transfe r  
Conductive Heat Transfe r  

Marangoni number, Ma = Surface Tension Driving Fo rces  
Viscous Forces  

Solutal Raxleigh 
number, Ra 

* * - (Buoyancy Forces  ) x (Mumentum Transport )  - [Viscous Forces)  x (Mass Diffusion) 

Schmidt number, Sc , = Kinematic Viscosity 
Mass Diffusivity 

Crit ical  Rayleigh = Point a t  which convection begins to augment 
number, Rac m a s s  diffusion o r  thermal  conduction; i.e., 

mixing begins 

The equations for  each of these dimensionless numbers  a re :  

Nu = 0.525(Ra) 1/4 for convection external to a 
horizontal cylinder (Refs. 5,6 and 7) 

dr 
Temperature gradient induced (thermal o r  therrnogravitational) ** 
Concentration gradient induced (solutal o r  solutog ravitational) 

17 
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where 

H = characterist ic length* 

T = temperature 

AT = incremental change of temperature 

g = gravitational acceleration 

p = density 

= dynamic viscosity 

v = kinematic viscosity 

0 = surface tension 

a = thermal  diffusivity 

D = m a s s  diffusivity 

C = concentration of solute 

AC = incremental change of solute concentration 

k = thermal  conductivity 

C = specific heat 
P 

p = volumetric thermal  expansion 

h = heat t ransfer  coefficient 

The following two -time constants a r e  calculated for  indium and indium-lead. 

* 
tmd = 2 , momentum diffusion t ime (3250 sec of In Pb) v 

- - - H~ * 
ttd a , thermal  conduction t i m e  ( 2  5.3 sec  for Ln Pb) 

1.7.2 Air  Convectim 

LI ordcr  to compare the heat transfer and the convection of the a i r  a t  

various levels of gravitational acceleration, the Grashof, Rayleigh and N u ~ s e l t  

r(c 
H = 2.54 cm. 1 I )  

LOCKHEED. HUNTSVILLE RESWCH & ENGINEERING CENTER 



LMSC-HREC TR D496846 

numbers a r e  calculated l o r  various g levels. The following table ( f rom 

Refs. 6 and 7 ) shows the dimensionless numbers fo r  the a i r  surrounding the  

cylinder under various gravity conditions. 

A ground t e s t  was made with 0.10 a tmospheres  of p r e s su re  surrounding 

the mixing cylinders and inside the container. In ordel  to make a con~par i son  

between the actual ground experiment and the computer model, .; Nusselt number 

was calculated for 0.10 atmospheres.  These calculations resulted in: 

1 g and a i r  
a t  0.10 a tmo-  
sphere  of 
p r e s su re  

G r  = 4.36 x 10 3 
Nu ( O * '  atm) = 0.316 

Pr = 0.682 Nu(l .0  a tm)  

R a  = 2.98 x 10 3 

Nu = 3.88 ,w = 0.1 

The Nuscclt number was  used t o  modify the a i -  pa ramete rs  for  conductive 

and convective a i r  under these  conditions. This  was  done by multiplying 

the thermal  conductivity by (1  + 3.88) o r  k' = k ( 1  + 3.88). 

19 
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In- Pt, Convection Sensi t ivi ty  

A s imple ,  re l iab le  e s t i m a t e  of whether  convection ex i s t s ,  and  its 

s t rength ,  calt b e  obtained f r o m  dimens ional  ana lys is .  T h i s  is e spec i a l ly  t r u e  

f o r  thermogravi tat ional  flows which have  been  s tudied extensively (both theo- 

re t ica l ly  and  experimental ly)  f o r  the  pas t  30 y e a r s  (Ref. 8). T h e  a n a l y s i s  of 

t he rmocap i l l a ry  flows, however ,  is not as extens ive  due  to  the difficulty of 

suppress ing  the usual ly dominant  buoyancy f o r c e s  dur ing  t e r r e s t r i a l  expe r i -  

ments .  T h e  following sec t ions  descr ibe :  ana lys i s  of the magnitude of t h e r m o -  

gravi tat ional ,  solutogravi tat ional ,  t he rmocap i l l a ry  and  so lu tocapi l la ry  con- 

vection expected in  rocke t  and  ground test ing;  and  a m e a n s  f o r  es t imat ing  

m a s s  t r a n s f e r  effects  v i a  hea t  and  m a s s  t r a n s f e r  ana logies .  

Therrnogravi tat icnal  Dimensional  Analys is  

A schemat ic  of the  mixing exper iment  l iquids is shown in Fig. 4. Di- 

m e ~ ~ s i o n a l  ana lys i s  of t h i s  configuration r e q u i r e s  tha t  va lues  of the  Rayleigh 

and Marangoni  .turnbe;-s be calculated f o r  both t e r r e s t r i a l  and  rocke t  conditions 

and then compared  to  the c r i t i c a l  Kayleigh and Marangoni  numbers .  T h e  

a s p e c t  r a t i o  (length-to-diameter) and Prdndt l  number  of the  p r o c e s s e s  a r e  

a l s o  impor tan t  p a r a m e t e r s .  Ignoring the Marangoni  effect  f o r  the p re sen t ,  

the dimensional  ana lys is  f o r  t h c r m a l  buoyancy convect ion is p re sen ted  in  t h i s  

s ~ c t i o n .  

F o r  heating from below o r  above (ve r t i ca l  p r o c e ~ s i n g )  the  Rayleigh num- 

be r  is defined as: 

20 
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= 1.0 10-4 gE 

Rigid or - 
Free Boundaries 

Thermal Conditions: Radial Temperature Gradient = 0.98 O ~ / c r n  

Axial Temperature Gradient = 0.01 1 O ~ / c r n  

t I 
I 

Liquid I Liquid 
In-Pb (20 wt 70) I In 

I 
I 
I 
1 A L 

Dimensions: 

T 
=c 

L = 2.35 c m  

d = 0.61 crn 

X 

Fig, 4 - Physical Model and Coordinate System 
for TnPb Experiment 
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p = t h e r m a l  expansion coefficient 

g = gravity level  

v = kinematic viscosity 

a = t h e r m a l  diffusivity 

The  mean gravity expected during the rocket  coas t  phase i s -approximate ly  
2 lo-* gE(gE = 980 cm/sec ). Thus  during ver t ica l  processing,  - 

-4 R a ~  J E a r t h  - 
2.7 and R a ~  J ~ o c k e t  

= 2.7 10 . The cr i t ica l  Rayh igh  number ,  ~ 2 ~ .  depends 

on  the heating direct ion,  a spec t  ra t io  (Y), and Prandt l  number (Pr) .  F o r  the 
- 3  C 4 

mixing -rperimen:, Pr = 8 10 and Y = L/D = 3.8. Thus RaL = 1.6 10 f o r  

I ~ r i l t i t ~ g  f rom bclow ( R c f .  9) and convection is not even likely in ground p r o c e s -  

sing. R : ~  m for  heating f r o m  above which means  that convection is theo- 

ret ical ly always absent.  Actually, however, finite l a t e r a l  t empera tu re  gradients  
C exist  ( s ide  heating o r  cooling); and Ra fo r  s ide  heating is z e r o  ( some  flow 

always exists) .  In side heating, however, the  heat and m a s s  t r anspor t  may 

not be increased until a second cr i t ica l  Rayleigh number ,  R P ~ .  is reached.  

F o r  s ide  heating (horizontal processinq) the  Rayleigh number is defined 

a s ,  

and the  cr i t ica l  Rayleigh number for  convective heat and m a s s  t r anspor t  i s  d e -  

fined a s  (Ref. 10). 

2 - 2 
F o r  ground process ing,  Raw = 1 . l010  : while f o r  the  rocket,  Raw = i 1 - 1 0  . 

22  
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1 ! 
'4 t i e  Rayleigh Thus, utilizing a rocket mean gravity level of 10 gE, = i '  

;I numbers are: 4 i 
a ' Ground Rccket i 
I ' ,  

1 1 ;  
I ' *  

2 • 2 loo8 
I I 

t . I  i i  R a w / ~ g W  3 1 0 ' ~  
3 loo6 

? I 
. i  I ,  
:, ! 

I Therefore, thermal buoyancy convection is  unlikely during ground or micro- i . . . , 

! 1 '  gravity processing. 
. , 1 : 

, : : 
i Solutogravitational Dimensional Analysis 

: ,  I 

For  freezing from below o r  above (vertical processing) the solutal , 
I Rayleigh number i s  defined as: 

where 

, , 
, , 

G = concentration of soluteS 

. , - I .  3 = molecular diffusivity of solute 

, 
, / .  

- :  1 :  
. . l .  

Utilizing l o m 4  gE for rocket proces~ing ,  solutal Rayleigh numbers for vertical 

~. processing are:  * 

Earth: R L ~  = 3.1 10 9 

Rocket: R & ~  = 3.1 10 5 

i . , 
i !  C' 

. [ I  The critical solutal Rayleigh number, RaL, depends on the freezing 
: ;  i 
L I direction, aspect ratio, y , and Schmidt number, Sc. For  the mixing experiment, 

i 

*AC = 0.2 wt % Po. L = 1.18 cm 
23 
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'C Sr = 170 and Y = L/D = 3.0. Thus  RaL = 5 lo4 fo r  f reez ing f r o m  above 

(In-Pb segment  in upper half of cyl inder)  (Ref. 9) and solutal convection is 
C 

probable in both ground and rocket  processing.  XaL = ob f o r  f reez ing f r o m  below 

(In-Pb segment  in lower  half of cylinder).  Th i s  m e a n s  that  solutal convection 

is not possible in the  l a t t e r  configuration.. 

. 
For s ide  heating (horizontal processing) the  ~ o l u t a l  Rayleigh number  is 

defined as: 

R' = Bcg (AC) D ~ / V S  

, , , . and the c r i t i ca l  Rayleigh number  fo r  convective heat  and m a s s  t r anspor t  is 

defined as (Ref. 10). 

I 

~. 
8 4 F o r  ground processing,  l e t  R : ~  = 4 10 ; while f o r  the rocket ,  l e t  R B ~ =  4 .  10 . 

Thus,  utilizing a rocket  mean  gravity level  of 10 - 4 
g ~ '  the solutal  Rayleigh 

numbers  a re :  

GI ound Rocket 

Thus ,  convection is l ikely during freezing f r o m  above processing on the 

grounrl and on thc rocket; u*:~ile  horizontal processing will  a l s o  yield convective 

influences during ground and rocket  processing a lso .  

Thermocapi l la ry  Dimensional Analysis  
; !  
, , 

. , 

' -  1 Surface tension gradients  may  be  a n  impor tant  s o u r c e  of convection in  
i f 

.; i i ,  mel t s  whenever a liquid-fluid in ter face  is p resen t  (Ref. 11). 

; 1 
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A s  with thermogravi ta t iona l  convection, t he rmocap i l l a ry  flow wil l  b e  

l a m i n a r  with s m a l l  s u r f a c e  tension dr iv ing  f o r c e s ,  o sc i l l a to ry  a t  m o d e r a t e  

dr iv ing  f o r c e s  and  turbulen t  a t  l a r g e  dr iv ing  f o r c e s .  T h e  r a t io  of cap i l l a ry  

dr iv ing  f o r c e  to r e s i s t i ng  v iscous  f o r c e  is e x p r e s s e d  by the  Marangoni  

n u m b e r  defined a s ,  

f o r  t e m p e r a t u r e  grad ien ts  para l le l  to the  l iquid-fluid in t e r f ace  and  as 

f o r  t e m p e r a t u r e  g rad ien t s  perpendicular  to the  liquid-fluid in te r face .  T h e  

symbol  u r e p r e s e n t s  the s u r f a c e  tension and d u / d ~  = -0.08 dyn /cmoc  & o r  

InPb  (Ref. 12). 

A c r i t i c a l  Marangoni  number  h a s  been es tab l i shed  f o r  Maw (Ref. 13),  but 
C 

not f o r  MaL. Values of MaL,  Ma  and  Maw a r e  shown below. 
W 

Even though no f i r m  c r i t i c a l  MaL is known, va lues  of MaL 7 exhibited 

osc i l l a to ry  l a m i n a r  flow and  MaL - > 140 indicated turbulent  flow f o r  mol ten  

s i l icon (Ref. 11). It is t h e r e f o r e  evident tha t  s ignif icant  t he rmocap i l l a ry  flow 

should not o c c u r  in  t he  mixing expe r imen t .  

It  should be mentioned a t  t h i s  point, however ,  tha t  l i t t l e  o r  no da t a  e x i s t  

on va lues  of d u / d ~  in the p re sence  of dopants  o r  of ox ide  f i lme  (see Appendix 

2 5  
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(1, H v f .  14). Nttither the prc?ccding Marangoni numbers nor the analysis by 

Chang and Wilcox (Ref. 11) account for  these phenomena. Thick oxide fi lms 

may completely suppress the rmocapillar y convection. 

Solutocapillar y Dimensional Analysis 

No explicit data exists on values of d o / d ~  for  the In-Pb system. 

Esimating d o / d ~  from Hoar and Melford (Ref. 12) the solutal Marangoni 
I 1 

numbers,  MaL and Maw, a r e  a s  follows: 

F o r  concentration gradients parallel to the liquid-fluid interface, 

- 
I do ACL 

MaL = dC 
pya = 1 . 7 * 1 0  

8 

a F o r  concentration gradients perpendicular to the liquid-fluid interface. 

- 
- do ACD dC 

Maw - pva = 2.2 lo7 

Thus solutocapillary convection may b e  significant on the rocket. 

Heat and Mass Transfer Rates 

Convection affects solidification f rom the melt  primarily through i ts  

influence on (Ref. 15): (1) the amount of dopant o r  impurity delivered to the 

vicinity of the solid-liquid interface; i.e., the ra te  of m a s s  t ransfer ;  a ~ d  (2) 

the temperature fluctuations cuused near  the growth interface (heat t ransfer) .  

A convenient measure 01 the convective augmentation to heat t ransfer  is the 

Nusselt number, Nu. It represents  the rat io of total heat t ransfer  to conduc- 

tion heat  t ransfer  and is defined a s  

Nu = h ~ / k  

26 
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where  h is a n  overa l l  coefficient of heat  t r ans fe r .  It is related to the rmal  

and concentration driving fo rces  as follows 

where  the C i l s  a r e  constants. 

The  constants ,  Gi, somet imes  incorpora te  the  effects  of geometry  via 
\ .  

the a spec t  ra t io ,  Y ,  and the effects  of relat ive diffusivity via the  Pr and Sc 

I numbers .  The Prandtl  number is the ra t io  of momentum diffisivity, v , to 

the rmal  diffusivity, a . F o r  solutal convection, the Schmidt number ,  Sc,  r a t h e r  

than Pr is important .  The  Schmidt number is the  ra t io  of momentum diffu- 

s ivi ty to molecular  d i f i~s io r .  (Sc = u/T)). 

, , T r a n s p o r t  by convection tends to dominate as Pr o r  Sc becomes  l a rge .  

These  two p a r a m e t e r s  a r e  a l so  impor tant  when est imating m a s s  t r a n s f e r  r a t e s  
1 ,  

j .  
f rom measured  heat  t r a n s f e r  r a t e s  and vice v e r s a  (Ref. 17). T h e  degree  o f  con- 

! .  

vective augmentation to m a s s  t r anspor t  is reflected by the  Sherwood number ,  

Sh, which is analogous to Nu. F o r  smal l  flow r a t e s ,  the Sherwood, Nusselt ,  

Schmidt,  and Prandt l  numbers  a r e  related as follows 

where  n z 1/2 fo r  l aminar  flow and n E 1/3 f o r  turbulent  flow. The analogy 

between hea t  and m a s s  t r a n s f e r  can be utilized to e s t ima te  m a s s  t r a n s f e r  r a t e s  

f r o m  computed heat  t r a n s f e r  r a t e s  o r  v ice-versa .  F u r t h e r m o r e ,  the Nussel t  

and Sherwood numbers  can be  related as follows f o r  ve r t i ca l  process ing 

( R e f .  16): 
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where  L e  = Lewis number = S C / P ~ .  F o r  freezing f r o m  above in  the mixing 

exper iment  

Thus  convective mixing, generated p r imar i ly  by concentration gradients ,  

should lead to significant t r anspor t  of solute relat ive to the r a t e  of pure  

diffusion, even though convective heat t r ans fe r  augmentation is minor  (Nu e l ) .  

Conclusions 

Sensitivity calculations indicate that thermogravitat ional  convection will  

not b e  important  in grour,d o r  rocket  processing.  Solutogravitational flow should 

be  significant even f o r  rocket  processing.  Thermocapi l la ry  flow should be 

negligible in both ground and rocket  testing. Solutocapillary convection may a l s o  

be  signif icant ,  i f  the Pb-In concentration gradient  w e r e  t o  exis t  a t  a liquid- 

vapor interface.  
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1.8 CONVECTION MODELING 

Results in this subsection a r e  directed toward the theoretical prediction 

of the mixing experiment results .  The ability to analytically model the ex- 

periment i s  essential for analysis of the sounding rocket flight data. The 

following i s  a description of the configuration analyzed and of some flight 

resul ts  that have been obtained. 

The basic portion of the experiment consists  of th ree  orthogonal cylinders 

each of which contain indium and an  indium-lead alloy. The metals a r e  melted 

and held i n  the molten s ta te  for about four minutes. A complete description 

of the cylinder derign, heat-up etc., is given in Section 1.1. F o r  the purpose 

of analysis the configuration in Fig. 5 is ~tsed.  

In Fig. 5: 

w = m a s s  concentration of indium 

T = temperature 

f = jitter component of gravitational field 

g e = ear th  gravity 

h = wavelength of "sawtoothu g- jitter 

The definitions of other variables and parameters  in Fig. 5 a r e  obvious. 

The gravitational field and the t ime variations shown a r e  the result  of 

studying the accelerometei  data f rom the 4 October 1974 sounding rocket 

flight. The "sawtoo. .," jitter with an amplitude and frequency roughly equal 

to the averaqe of the flight data was chosen to represent the g-field variations. 

The Lockheed Convection Analysis program was used to predict the 

mixing for the configuration in Fig. 5. The cylinder could not be analyzed for  

the situation given in Fig. 5 because the flow field is three-dimensional. Thus 

a rectangular box was analyzed to obtain some qualitative results .  The phe- 

rlomcna assumed to be driving the mixing a r e  diffusion and buoyancy. 
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For the gravity levels used, the analysis indicates that mixing may 

occur as far a s  0.5 cm from the initial indium/indium-lead interface a s  a 

result of buoyancy, The mixing i s  expected to be approximately as shown 

in Fig. 6.  
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Indium -Lead 

Fi~.6 - mix in^ of hTo1tr.n I n c l i u ~ n  i ~ n d  Ind ium-Lc~ad  Aftcr 3 Minute.; 
i n  ? to--kt:  Gravitat ional  Field 
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Section 2 

POSTFLIGHT ANALYSES 

2.1 INTRODUCTION 

LMSC-HREC TR D49684b ' 

This section contains rc:sults of postflight convection sensitivity and 

modeling analyses. These studies were  conducted to assist the Principal 

Investigator to interpret  rocket flight results. The rocket flight resul ts ,  

both estimated g-levels and mixing, a r e  shown in Figs. 7,  8 and 9. Results 

show that no flow was experienced in the sample mounted parallel to the 

rockets longitudinal axis. One of the samples mounted in a ?lane perpendicular 

to the rocket's longitudinal axis experience8 a very small  motion of the intar-  

face. Thc other sarriple (in the same plane) experienced flow down one side 

of the samp; e container. The maximum gravity levels were  estimated to be 
5 2.10- g (Ref. 19). Thus significant mixing and complet.. .: borientation of the 

lead phase occurred in Flight Sample No. 6, but no sAgr~ifit:ant mixing occured 

in the other two flight samples. 

2.2 CONVECTION SENSITIVITY 

The convection sensitivity analysis of Section 1.7 has been updated to 

account for actual rocket acceleration levels and for  an important, recent 

contribution (Ref. 18) to the state-of-the-art in the theory of convection onset. 

Niel? (Ref. 18) has evaluated the effects of nonlinear, vertical density pro- 

files on the onset of convection (critical Rayleigh number,Rac). In p l.tisular, 

he predicts that a s tep function change in density a t  the mid-height of the 

container will reduce Rac to 60% of i t s  value for  a l inear density profile. 

Applying this result (in conjunction with the sensitivity c r i t e r ia  of Section 

1.7.3) to the rocket results  (as  given by Table 3), indicates that rocket 

sample No. 6 should have indeed showed the greates t  tendency toward mixing. 

Furthermore,  i t  i s  important to note that the effect of step-function density 
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1/2 in. I 
J 

1 Rocket 
I Longitlldinal 

Axis.  
Arrow i s  
Directed 
Toward Nose 
of Rocket .  

F ig .  7 - Orientation of Sample No. 1 
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\ 

------4 Axis  is 
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Fig. 8 - Orientations of Sample Nos. 2 and 6 
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C profiles on Raw is unknowri. Therefore R a W / R h  >>1 (which indicates 

mixing) shown in Table 3 may not be valid. This further reinforces that 

mixing should have occurred in rocket sample No. 6 and not in the other 

rocket samples. 

2.3 CONVECTIONMODELING 

The Lockheed Convection Computer program was used to model and 

analyze the rocket results. The initial and boundary conditions utilized for 

these models a r e  identical to those of Fig. 5 except for  gravity. The model 

results and g-levels used a r e  shown in Figs. 10, 11 and 12. These figures 

show that no significant mixing occurred in any of the rocket samples. The 

melt  velocities computed were l e s s  than 0.001 crn/sec for  all the cases.  Thus 

the extreme mixing demonstrated in Fl ight Sample No. 6 must have been due 

to surface tension forces o r  buoyancy forces larger  than used in the computer 

analysis. 

The computer analysis is limited in accuracy by its inability to account 

for three-dimensional flows (two-dimensional flow in rectangles modeled). 

It is believed that gravity levels shown for Sample No, 6 in Table 3,  rather 

than those shown in Fig. 12 (for Sample No. 6), a r e  more characteristic of 

actual flight conditions and would result in model results consistent with the 

flight results shown in Fig. 9 .  

Surface tension forces could also have given r i se  to mixing if the In/ 

In-Pb interface ever existed along a liquid/vapor free surface. This could 

only occur if the melt pulled away from the cylinder wall at the mid-length 

of the container. This is an unlikely occurrence. 

In conclusion, i t  i s  felt that mixing in Flight Sample No. 6 was caused 

by gravity levels and directions not currently accounted for (in conjunction 

with solutally induced density gradients). Therefore, further analysis of 

flight accelerations and additional computer model simulations (using other 

gravity conditions) a r e  recommended. 
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2.  Material ,  Af Aly. 6 0 6 1 - ~ 6 - ~ ~ ~ .  WW-1-700/6 .  - 0.035 wall  thickness 
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I I NOT ES: 

P Bake out ceramic 12 hours 
Stycast Epoxy 2651 with No 
8 hours at  room temperatu: 

P 29.5 turns of Aerocoa 
wound clockwise on Q 1 .  hr 

I I  P Stycast 2651 epoxy with No 
8 hours at room temperatu: 

I I Check @ and @ for fit. 
made at  by MSFC. 

D Thermistor assembly @ 
MSFC. 

Weld per MSFC-SPEC-13T 
weld joint, visual iaepectic 

LOCRHEED HUNTSVILLE R E S W  



LMSC-HREC TR W9bd4b 

ceramic 12 hours a t  4 0 0 ~ ~ .  Then apply 
loxy 2651 with No. 9 catalyst and cure 
: room temperature or  1 hour a t  1 0 0 ~ ~ .  

1 hr-040B16.3. Close 

- 51 epoxy with No. 9 catalyst; Cure for 
- room temperature o r  1 hour a t  160 F. 

) and @ for fit. Installation will be 
- -  MSFC. . J 

:or assembly @ will be installed by 

MSFC-SPEC-135, Class II, sealed 
t, visual inspection only. 

Heater Coil Assembly 
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